Background. The persistent presence of antiphospholipid antibodies (APA) may lead to the development of primary or secondary antiphospholipid syndrome. Although the genetic basis of APA has been suggested, the identity of the underlying genes is largely unknown. In this study, we have performed a genome-wide association study (GWAS) in an effort to identify susceptibility loci/genes for three main APA: anticardiolipin antibodies (ACL), lupus anticoagulant (LAC), and anti-2 glycoprotein I antibodies (anti-2 GPI). Methods. DNA samples were genotyped using the Affymetrix 6.0 array containing 906,600 single-nucleotide polymorphisms (SNPs). Association of SNPs with the antibody status (positive/negative) was tested using logistic regression under the additive model. Results. We have identified a number of suggestive novel loci with < − 05. Although they do not meet the conservative threshold of genome-wide significance, many of the suggestive loci are potential candidates for the production of APA. We have replicated the previously reported associations of HLA genes and APOH with APA but these were not the top loci. Conclusions. We have identified a number of suggestive novel loci for APA that will stimulate follow-up studies in independent and larger samples to replicate our findings.
Introduction
Antiphospholipid antibodies (APA) are a heterogeneous group of antibodies that are detected in a variety of conditions, including primary antiphospholipid syndrome (APS) and systemic lupus erythematosus (SLE) [1] . The term antiphospholipid antibodies is a misnomer as APA present in autoimmune disease, like SLE, do not bind to phospholipids but recognize phospholipid-binding proteins [2] . Patients with persistent APA who develop pregnancy complications or thrombosis are considered to have primary APS and those who develop these complications in the presence of autoimmune disease are classified having secondary APS. Since the definition of APS is not limited to a single APA assay, it is required to measure more than one APA. Indeed, currently recognized laboratory criteria for APS include having one or more of three APA, including anticardiolipin antibodies (ACL), lupus anticoagulant (LAC), or anti-2 glycoprotein I antibodies (anti-2 GPI) in conjunction with the presence of thrombosis or pregnancy loss [3] .
Although the genetic basis of APA [4] and APS [5] has been suggested, the underlying genetic factors have not been clearly established. Understanding the genetic bases of various APA may help to delineate the mechanisms for APS. The objective of this study was to perform a genome-wide association study (GWAS) in an effort to identify loci/genes for the three main APA, namely, ACL, LAC, and anti-2 GPI. 
Subjects and Methods

Subjects.
A subset of individuals from our larger GWAS of SLE (unpublished data) that had the ACL ( = 670), LAC ( = 708), and anti-2 GPI ( = 496) measurements available were used in this study. All individuals were women of European ancestry. The study participants included both SLE cases and controls and their characteristics are given in Table 1 . Our controls were apparently healthy individuals that were recruited from blood bank. We measured APA in our controls but they were not characterized for primary APS due to our study design that is focused on identifying genes for SLE and APA. Furthermore, there were only 28 individuals with APS, and this small number was not considered to be appropriate for a GWAS analysis. All subjects provided written informed consent and the study was approved by the Institutional Review Board. The three APA (ACL, LAC, and anti-2 GPI) were classified into antibody-positive and antibody-negative groups based on manufacturer's protocols.
Antiphospholipid Antibodies.
Genotyping and Quality Control (QC)
. DNA samples were genotyped using the Affymetrix Genome-Wide Human SNP Array 6.0 containing 906,600 SNPs at Expression Analysis, Durham, NC, USA. All samples used in this study passed strict quality control measurements in our larger GWAS. Exclusion criteria included samples with poor performance (<95% average call rate across the array), poorly performing markers (44,592 with <95% call rate across all samples genotyped), and markers with significant deviation from Hardy-Weinberg equilibrium ( ≤ 1 − 06) and with low minor allele frequency (MAF <0.01). Population stratification analysis was conducted using a multidimensional scaling method implemented in PLINK. SNPs falling within the genomic regions with abnormal linkage disequilibrium method to select the most parsimonious set of covariates for each dependent variable. The analysis for each antibody was adjusted for the disease status (SLE) and the first four principal components. In addition, the ACL and LAC analyses were adjusted for smoking and BMI, respectively. and/or PLINK statistical software programs were used for all analyses performed for this study.
Results
Quantile-Quantile Plots of the GWAS Data.
The genomewide association analysis was performed on 670 individuals with ACL, 708 individuals with LAC and 496 individuals with anti-2 GPI (Table 1 ) who were genotyped using the Affymetrix Genome-Wide Human SNP Array 6.0. Figure 1 shows the quantile-quantile plots for comparisons of observed and expected values distribution for ACL, LAC, and anti-2 GPI. For all three APA, the distribution of observed values conformed to the null distribution until the tail of the distribution where it deviated, indicating no evidence of significant population stratification but evidence of genetic association. Fig  ure 2 shows the genome-wide values for ACL in a Manhattan plot and the top loci with < 1 − 04 are presented in Table 2 . Three top SNPs with < 1 − 05 were observed. The most significant SNP, rs6889746 ( = 6.02 −06), was located Autoimmune Diseases 
Association with Anticardiolipin Antibodies (ACL).
Association with Lupus Anticoagulant (LAC).
The Manhattan plot for LAC is shown in Figure 3 and the top hits with < 1 − 04 are given in Table 3 . The most significant SNP, rs1978968, was observed in MICAL3 on chromosome 22q11.21 ( = 2.21 − 06) and there were additional 7 significant SNPs in this region with < 1 − 03. The next significant SNP was observed on chromosome 2p12 in FAM176A (rs17011455, = 4.70 −06). However, no other SNP with < 1 −03 was observed in this region. The third significant SNP, rs17791782, was observed in DSTN on chromosome 20p12.1 ( = 6.54 − 06). Table 4 ). The top SNP (rs10492418) at = 2.05 − 06 was observed on chromosome 13q33.3 in MYO16. This chromosome also harbors another locus for anti-2 GPI at 13q14.11 (rs9315762, = 6.68 − 06), near a region expressing long intergenic nonprotein coding RNAs. The second most significant SNP, rs11975235, was observed in PDE1C on chromosome 7p14.3 ( = 2.88 − 06). The third most significant SNP was observed upstream of TANK on chromosome 2q24.2 (rs2357982, = 3.38 − 06) that also harbored 12 additional significant SNPs with < 1 − 03.
Association with Anti-2 Glycoprotein I Antibodies (Anti-
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Association with Presence of Two or More Antibodies.
In addition to the single-antibody analyses described above, we also performed an association analysis between individuals who were positive for two or more antibodies ( = 100) versus individuals who were negative for all three antibodies ( = 227). Table 5 shows the results of top loci with < 1 − 04. Interestingly, five of these loci (SESTD1, CACNB2, TANK, TMEM45B, and FMN1) overlapped with those observed in the anti-2 GPI analysis (see Table 4 ) and two (DSTN and BFSP1) overlapped with those observed in the LAC analysis (see Table 3 ). Although the most significant locus, DYNLRB2 ( = 1.44 − 06), was not among the top loci detected in any of the single-antibody analyses, the second most significant locus, SESTD1 ( = 6.08 − 06), also showed association with anti-2 GPI.
Association of Extended Major Histocompatibility Complex (xMHC) Region and Apolipoprotein H (APOH) with APA.
Previously, several studies have reported genetic association of the human leukocyte antigen (HLA) genes located at the MHC locus on chromosome 6p21 with the presence of APA [6] . Likewise, since 2 GPI is the main target antigen for APA, genetic variation in its gene, APOH, is expected to be associated with the occurrence of APA. Although no SNPs from either the HLA genes or APOH were among the top GWAS SNPs with < 1 − 04 (Tables 2-5 ), the xMHC region revealed 104, 191, and 108 significant SNPs ( < 0.05) to be associated with ACL, LAC, and anti-2 GPI, respectively. Table 6 is largely unknown. Here we report the first GWAS focused on identifying the susceptibility loci/genes for the occurrence of three main APA, namely, ACL, LAC, and anti-2 GPI. Initially, we performed separate genome-wide analyses for the three APA because the antigen specificity of APA is highly heterogeneous and each APA may have different genetic determinants. This seems to be confirmed in our GWAS results where none of the top loci for the three APA overlapped (see Tables 2-4) . However, a single-antibody analysis may include individuals who are positive for more than one antibody in the antibody-positive group or may include individuals in the antibody-negative group who are positive for another antibody, which might have an effect on the genetic association outcome. In order to address this potential problem, we performed an additional genome-wide analysis on individuals who were positive for two or more APA as they presumably would have a higher genetic load of APA susceptibility genes and compared them with those who were negative for all three APA tested. Noteworthy, seven of the top loci observed in the latter analysis overlapped with the top loci observed in the individual analyses of anti-2 GPI and LAC (see Table 5 ). Although none of the observed top loci in any analysis met the strict criteria for genome-wide level of significance ( < 5 − 08), we have identified a number of suggestive genomic regions with < − 05 that are worthy of follow-up studies in independent samples. They include loci harboring DYNLRB2 ( = 1.44 − 06) and SESTD1 ( = 6.08 − 06) for individuals positive for at least two APA; PELO ( = 6.02 − 06), SGIP1 ( = 6.98 − 06), and LCA5 ( = 7.02 − 06) for ACL; MICAL3 ( = 2.21 − 06), FAM176A ( = 4.70 − 06), and DSTN ( = 6.54 − 06) for LAC; and MYO16 ( = 2.05 − 06), PDE1C ( = 2.88 − 06), TANK ( = 3.38 − 06), FLJ42392 ( = 6.68 − 06), and MACROD2 ( = 6.86 − 06) for anti-2 GPI. CHR: chromosome; Gene: a plausible biological candidate gene in the locus or the nearest annotated gene to the lead SNP; Lead SNP: most significant SNP in the gene region; BP: base-pair position of the lead SNP; Total SNPs: total number of SNPs with < 1 − 03 in the gene region; MAF: minor allele frequencies in antibody-negative (negative for ALC, ACL and anti-2 GPI) and antibody-positive (positive for at least two of ALC, ACL or anti-2 GPI) groups; OR: odds ratio; P: P-values for the test.
While many of these loci are of unknown function in antibody production, some of them harbor candidate genes known to be involved in immune response and thus may be relevant to the production of APA. For example, DYNLRB2 is involved in immune signaling and genetic variation in this gene is associated with tuberculosis susceptibility [7] . SESTD1 binds several phospholipid species [8] and may thus serve as an autoantigen for APA. TANK (TRAF family memberassociated NFKB activator) is believed to be important in type 1 interferon production [9] and has been suggested to play a role in hepatitis B and C infections [10, 11] . The MYO16 (myosin XVI) locus has recently been implicated in diabetic nephropathy [12] [13] [14] . Interestingly, the presence of APA or APS is a strong risk factor for nephropathy [15] [16] [17] and one study has suggested that anti-2 GPI may be protective against lupus nephritis and renal damage [18] . FAM176A (a.k.a TMEM166) has been implicated in autophagy and apoptosis [19] , two mechanisms with suggested roles in autoimmunity [20, 21] .
Before the GWAS era, the focus of genetic studies on APA was mainly on candidate genes, with a major emphasis on HLA genes located at the MHC locus and to some extent on APOH. Since none of our top hits included SNPs from either the HLA genes or APOH, we examined the extent of association signals in these genomic regions. Indeed, we found a number of promising significant SNPs near or in various HLA genes to be associated with ACL, LAC, and anti-2 GPI (see Table 6 ). Our findings are consistent with previous reports that also found multiple associations of HLA genes with these autoantibodies [6] . Previous findings regarding the association of APOH coding SNPs with APA have been inconsistent because of the conflicting reports [6, 22] . In our sample, we found six APOH SNPs to be associated with anti-2 GPI and the most significant SNP was rs1801690 (Trp316Ser) (see Table 7 ) that is located in the 5th domain of 2 GPI affecting the phospholipid-binding site [23] . Another coding SNP in APOH, rs3176975 (Val247Leu), that has been reported to be associated with APS [22] , showed only a modest trend for association in our sample (odds ratio 1.21; = 0.286). The replication of previously reported HLA and APOH findings with similar association signals serve as positive controls for our GWAS. On the other hand, it also indicates that HLA and APOH are not among the top loci for APA and thus our focus should be on the identification and characterization of other genes that are more relevant to the production of APA.
In conclusion, to the best of our knowledge, this is the first GWAS that has attempted to delineate the genetic basis of three main APA, namely, ACL, LAC, and anti-2 GPI. Although we did not identify loci meeting the conservative threshold of genome-wide significance, we have identified a number of suggestive novel loci for APA that will stimulate follow-up studies in independent and larger sample sets to replicate our findings. The main limitations of our study include relatively small sample size and lack of a replication sample; however, our top SNPs provide a select group of suggestive candidate loci/genes that can easily be tested for replication by other research groups, which would also enable a subsequent meta-analysis with increased power.
